.-Cysteine levels are carefully regulated in mammals to balance metabolic needs against the potential for cytotoxicity. It has been postulated that one of the major regulators of intracellular cysteine levels in mammals is cysteine dioxygenase (CDO). Hepatic expression of this catabolic enzyme increases dramatically in response to increased cysteine availability and may therefore be part of a homeostatic response to shunt excess toxic cysteine to more benign metabolites such as sulfate or taurine. Direct experimental evidence, however, is lacking to support the hypothesis that CDO is capable of altering steady-state intracellular cysteine levels. In this study, we expressed either the wild-type (WT) or a catalytically inactivated mutant (H86A) isoform of CDO in HepG2/ C3A cells (which do not express endogenous CDO protein) and cultured them in different concentrations of extracellular cysteine. WT CDO, but not H86A CDO, was capable of reducing intracellular cysteine levels in cells incubated in physiologically relevant concentrations of cysteine. WT CDO also decreased the glutathione pool and potentiated the toxicity of CdCl 2 . These results demonstrate that CDO is capable of altering intracellular cysteine levels as well as glutathione levels. sulfur metabolism; taurine; hepatoma; liver WHAT MECHANISMS DO MAMMALS USE to regulate intracellular cysteine levels? The importance of this physiological question is underscored by the fact that mammals must strike a delicate balance when it comes to maintaining cysteine homeostasis. On one side of the balance, cysteine levels must be kept high enough to meet several fundamental processes of cellular function. Cysteine, like the other common amino acids, is used for protein synthesis. It is also used as a precursor for the synthesis of hypotaurine, taurine, inorganic sulfate, and hydrogen sulfide. Its sulfhydryl side chain forms the active moiety of coenzyme A, an acyl group carrier required for many metabolic processes, as well as of glutathione, the principal mammalian cellular thiol and redox buffer. Indeed, it is the sulfhydryl-containing side chain of cysteine that forms the cornerstone of many redox reactions in the cell.
One of the major regulators of intracellular cysteine levels is thought to be the enzyme cysteine dioxygenase (CDO, EC 1. 13.11.20) . CDO catalyzes the oxidation of cysteine to cysteine sulfinic acid and constitutes the first step in the pathways leading to either sulfate/pyruvate or hypotaurine/taurine synthesis (Fig. 1) . Claims for the ability of CDO to regulate intracellular cysteine levels have been predicated entirely on associative kinetics between cysteine and CDO levels in rat liver, the organ with the highest constitutive expression of CDO (8, 20, 22) . In the strongest reported association, rats were adapted to a low-protein (i.e., low sulfur amino acid) diet and then switched to a high-protein (i.e., high sulfur amino acid) diet. The switch in diet caused hepatic cysteine levels to undergo an initial threefold increase that eventually returned to fasting levels within 12 h (22) . The decrease in intracellular cysteine levels corresponded with a large increase (ϳ25-fold) in the expression of hepatic CDO between 3 and 12 h. This change in CDO level occurs principally because of posttranslational alterations in the amount of CDO protein. Cysteine significantly increases the half-life of CDO by attenuating the rate at which the enzyme is ubiquitinated and subsequently degraded (9, 31) . This regulatory mechanism may thus facilitate the degradation of cysteine when intracellular levels become too high and conserve intracellular cysteine for other metabolic pathways when intracellular levels become depleted.
Despite the clear association between the level of cysteine availability and CDO expression, there have been no reports of experiments designed to directly test whether CDO is capable of altering steady-state intracellular cysteine levels. Assessing this issue is important from both a biochemical and physiological perspective. From a biochemical standpoint, experiments in metabolic control analysis have shown that there are many instances wherein a change in enzyme concentration has only a minimal effect on substrate or metabolite concentration in the cell (11) . A change in CDO expression therefore may have no impact at all on intracellular cysteine levels. From a physiological standpoint, understanding the contribution of CDO to the regulation of intracellular cysteine is underscored by two key observations. The first, as mentioned above, is the dramatic change in hepatic CDO levels that occurs in response to dietary cysteine intake. The second observation comes from the collective reports of differential regulation of CDO gene expression under conditions such as cellular differentiation, where it is not immediately clear if cellular cysteine availability is changing (1, 6, 7, 16, 18) . The expression of CDO under these conditions could play an important role in altering the local redox environment.
The purpose of this study was therefore to directly evaluate the ability of CDO to affect intracellular cysteine levels. We achieved this by transfecting either catalytically active or inactive isoforms of CDO in HepG2/C3A cells, a human hepatoma cell line that does not express endogenous CDO protein. The effect of these transfections on total intracellular cysteine, glutathione, hypotaurine, and taurine pools was then measured. Our data suggest that catalytically competent CDO is indeed capable of altering intracellular cysteine levels as well as the total glutathione pool.
METHODS

Cloning of CDO expression constructs.
To transiently express CDO protein in HepG2/C3A cells, the open-reading frame of wildtype (WT) rat CDO (BAA11925) was subcloned into the NotI/BamHI restriction sites of the p3XFLAG-CMV-7.1 vector (Sigma). This expression vector added a 3.5-kDa 3xFLAG peptide sequence to the NH 2 terminus of CDO, yielding a fusion protein with a final molecular mass of ϳ26 kDa. As an experimental control for the effect of protein overexpression on intracellular cysteine levels, a catalytically inactive mutant of CDO was used. Histidine residue 86 of rat CDO is one of three histidine residues essential for binding the active site iron cofactor of this protein. Mutation of any of these histidine residues to an alanine produces a catalytically inert protein (J. E. Dominy, C. R. Simmons, and M. H. Stipanuk, unpublished observation). Histidine-86 of WT CDO in the p3xFLAG-CMV-7.1 vector was mutated to an alanine using the QuikChange II Site-Directed Mutagenesis kit (Stratagene) and the primers (mutated nucleotide residues underlined) 5Ј-CATGGCAGCAGTATTGCCGATCACACGGACTC-3Ј and 5Ј-GAGTCCGTGTGATCGGCAATACTGCTGCCATG-3Ј. Both WT and mutant (H86A) expression constructs were sequence verified before use by the Cornell Biotechnology Resource Center.
Cell cultures and treatments. HepG2/C3A cells were obtained from the American Type Culture Collection. Cells were maintained in sulfur amino acid-free DMEM supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, 0.1 mM L-methionine, 0.3 mM cysteine, and 1ϫ MEM nonessential amino acid solution in a humidified atmosphere of 5% CO 2-95% air at a temperature of 37°C.
Cells were seeded into 12-well tissue culture plates at a density of 2 ϫ 10 5 cells/ml and allowed to attach for 24 h in the maintenance medium. Cells were then transfected with the CDO expression constructs at a confluency of ϳ95% with Lipofectamine 2000. Mocktransfected cells were transfected with the empty p3xFLAG-CMV-7.1 vector. Cultures were allowed to take up the plasmid-DNA complexes for 6 h, after which time the monolayers were washed two times with PBS, and the experimental medium was added. The experimental medium was analogous to the maintenance medium with the exception that the composition of cysteine was varied (0, 0.1, 0.3, or 1 mM) and 0.05 mM bathocuproine disulfonate was added to reduce the rate of cysteine autooxidation to cystine. Cells were incubated in the experimental medium for 24 h before harvesting.
For experiments involving the effect of CDO expression on sensitivity to CdCl2, a concentrated stock solution of CdCl2 was made in Milli-Q water and sterile filtered through a 0.2-m membrane. A working solution was then prepared in the appropriate experimental culture medium. This medium was added to cells 6 h after transfection and remained on the cultures for 24 h until cell viability was assessed via the neutral red assay.
Western blot analysis. The expression of CDO was evaluated by Western blot analysis as previously described (9) using polyclonal rabbit anti-rat CDO antibody. Expression of cysteine sulfinic acid decarboxylase was examined by Western blotting using a polyclonal rabbit anti-rat cysteine sulfinic acid decarboxylase antibody as previously reported by Reymond et al. (27) .
Measurement of total intracellular cysteine and glutathione/free thiol pools. After transfection (24 h), cells were washed three times with 0.5 ml ice-cold PBS, and then 0.25 ml of 5% (wt/vol) sulfosalicylic acid (SSA) was added to each well. Cells were scraped in an Eppendorf centrifuge tube and microfuged for 15 min at 15,000 g to pellet precipitated protein. The supernatant was removed and split into two aliquots, one for the analysis of total free cysteine and the other for the measurement of glutathione/total free thiols. The protein pellet was saved for protein quantification using the bicinchonic acid assay (Pierce). Protein values derived from the pellets were used to normalize the cysteine/glutathione data to nanomoles per total milligram protein.
Intracellular cysteine levels were measured by a modification of the method of Gaitonde (12) . The pH of the SSA supernatant was adjusted to 8.3 using 10 N NaOH, and then 500 mM dithiothreitol (DTT) was added to yield a final concentration of 5 mM. Samples were reduced with DTT for 15 min at room temperature. Following reduction, 100 l of sample were acidified with 0.l ml glacial acetic acid and then reacted with 0.1 ml acid ninhydrin reagent (250 mg ninhydrin dissolved in a mixture of 6 ml glacial acetic acid and 4 ml 12 N HCl) for 10 min at 100°C. After being heated, the sample mixture was cooled on ice for 3 min and then diluted to 1.0 ml with 95% ethanol. Sample absorbance was measured at 560 nm, and cysteine levels were quantified using cysteine hydrochloride standards (0 -500 M) dissolved in 5% SSA and processed in the same manner as the samples. Testing of this procedure by our laboratory has shown it to be a highly selective and sensitive means of detecting cysteine levels between 5 and 500 M in cell extracts. Full wavelength scans showed no significant absorbance at 560 nm for ninhydrin-derivatized cysteamine, cystine, DTT, glutathione, homocysteine, or penicillamine (data not shown).
Glutathione levels were measured using 5,5Ј-dithiobis-2-nitrobenzoic acid (DTNB) as previously described (33) . Before the DTNB assay, 100 l of sample were treated with 25 l 0.5 M NaBH4 incubated for 1 h at 37°C to reduce all disulfides to free thiols. NaBH4 was quenched by the dropwise addition of 23.5 l 1 N HCl, 23.5 l acetone, and 18.75 l 1 M Tris ⅐ Cl buffer (pH ϭ 8.5). This procedure assays total acid-soluble thiols, of which glutathione has been shown to constitute the vast majority. Nevertheless, the assay can also detect acid-soluble cysteine. Cysteine values obtained from the ninhydrin Fig. 1 . Diagram of the position of cysteine dioxygenase within the major pathways of cysteine metabolism in mammals. Cysteine dioxygenase (CDO) catalyzes the irreversible conversion of cysteine to cysteine sulfinic acid. This is the first step in the production of hypotaurine/taurine and pyruvate/sulfate from cysteine. assay were therefore subtracted from the DTNB data to more accurately estimate total free glutathione levels.
Quantification of hypotaurine/taurine levels. Intracellular hypotaurine and taurine levels were measured in 5% SSA extracts by HPLC as previously described (9) .
Assay of cell viability. Cell viability of HepG2/C3A cultures was assessed by the neutral red assay (3). After exposure to CdCl 2, cell monolayers were washed two times with PBS and then incubated for 2 h with neutral red dye (100 g/ml; Acros Organics) dissolved in serum-free DMEM. Monolayers were then washed three times with PBS. Next, 1 ml of elution medium (50% ethanol/1% acetic acid) was added to liberate dye taken up by cells, and cells were placed on a horizontal rocker for 15 min in the dark to completely release the neutral red dye. Aliquots of the eluted mixture were removed, and absorbance at 540 nm was measured.
Statistical analyses. Data were analyzed by one-way ANOVA followed by comparison of means with Tukey's multiple-comparison test. Differences were accepted as significant at P Յ 0.05. All values are presented as means Ϯ SD.
RESULTS
Ectopic expression of CDO in C3A cells. HepG2/C3A cells do not express significant amounts of endogenous CDO protein; Western blots of cell lysates probed with anti-CDO antibody showed no detectable bands at the predicted molecular mass of 22.5 kDa (Fig. 2A) . Nevertheless, HepG2/C3A cultures were able to successfully synthesize CDO protein upon transfection with the 3xFLAG-tagged constructs ( Fig. 2A) .
Previous reports have shown that steady-state CDO expression in primary rat hepatocyte cultures is sensitive to changes in cysteine concentration. An analogous regulation was seen in HepG2/C3A cells. Protein expression of WT CDO was increased by ϳ160% when extracellular cysteine levels were increased from 0 to 1 mM cysteine (Fig. 2B) . Expression of the catalytically inactive H86A mutant, on the other hand, was not sensitive to changes in cysteine availability. Constitutive expression of the H86A mutant was approximately two times as high as WT in the absence of extracellular cysteine and remained at this level even when medium cysteine levels were increased to 1 mM.
Although we were successful in ectopically expressing CDO in our cell culture system, the absolute level of maximal expression for either of the CDO constructs was far less than what is normally found in vivo. The maximum amount of CDO that could be expressed in the HepG2/C3A cells was, on a per gram total protein basis, ϳ30% of the level found in the liver of a rat fed a low-protein diet for 12 h (Fig. 2A) .
Catalytically active CDO significantly decreased intracellular cysteine levels. In cells transfected with the empty vector alone, intracellular cysteine levels increased in concert with the amount of cysteine added to the medium (Fig. 3) . The response, however, was not linear. When extracellular cysteine was raised from 0 to 0.3 mM, intracellular cysteine levels in this treatment group increased from beneath the limits of detection to 7.3 nmol/mg protein. Intracellular cysteine levels rose less quickly, from 7.3 to 12 nmol/mg protein, when extracellular cysteine levels were further increased from 0.3 to 1 mM.
Consistent with the hypothesis that CDO could affect intracellular cysteine levels, transfection with WT CDO significantly reduced the amount of intracellular cysteine relative to the empty vector control. The magnitude of the effect, however, was inversely related to the amount of cysteine present in the medium. At an extracellular cysteine level of 0.1 mM, transfection with WT CDO resulted in a 40% decrease in intracellular cysteine relative to control. The effect was diminished to a 23% reduction when the extracellular cysteine was increased to 0.3 mM. No significant change in intracellular cysteine was observed when an extracellular cysteine concentration of 1 mM was used.
Transfection with the catalytically inoperative H86A mutant produced no effect on intracellular cysteine levels regardless of the concentration of cysteine in the medium. This negative control clearly showed that the mere overexpression of protein was not able to significantly perturb steady-state cysteine levels.
CDO significantly reduced intracellular glutathione levels and increased susceptibility to CdCl 2 toxicity. In liver, the synthesis of glutathione is frequently limited by the availability of cysteine (13) . Similarly, it has been also shown for HepG2/ C3A cells that changes in the level of intracellular cysteine are closely paralleled by changes in the level of glutathione (21) . For these reasons, we proceeded to evaluate whether the decrease in intracellular cysteine induced by CDO expression was accompanied by a decrease in steady-state glutathione levels.
Corresponding with the significant decrease in intracellular cysteine levels, transfection with WT CDO produced a significant decrease in intracellular glutathione levels when cysteine concentrations in the medium were 0.1 and 0.3 mM (Fig 4) . The magnitude of the decrease in glutathione, however, was less than that observed for cysteine: 25 vs. 40% at 0.1 mM cysteine and 20 vs. 23% at 0.3 mM cysteine. Glutathione levels were not altered by the expression of WT-CDO when medium cysteine concentrations were either 0 or 1 mM. They were also not affected by transfection with H86A CDO. These latter results are consistent with the failure of these treatments to alter intracellular cysteine levels.
To test whether the 20 -25% declines in intracellular glutathione induced by CDO expression had any physiological significance, we subjected HepG2/C3A cells to a glutathionedependent stressor in the form of the heavy metal cadmium (CdCl 2 ). Resistance to cadmium-mediated cytoxicity in hepatocytes is known to be directly dependent on intracellular glutathione levels (15, 17, 26, 35) . In cells transfected with the empty vector, sensitivity to CdCl 2 was affected by the concentration of cysteine in the medium (Fig. 5 ). Higher amounts of cysteine in the medium conferred protection against CdCl 2 toxicity up to a concentration of 0.3 mM. Further increasing the medium concentration of cysteine to 1 mM failed to provide any additional protection against CdCl 2 toxicity. A similar pattern was seen for cells transfected with H86A CDO. Cells transfected with WT CDO, on the other hand, showed an enhanced sensitivity to CdCl 2 (Fig. 5, B and C) that was limited to cells cultured in medium with cysteine levels of 0.1 and 0.3 mM, conditions under which CDO transfection was shown to significantly decrease cysteine and glutathione levels.
Transfection with CDO failed to alter steady-state intracellular hypotaurine/taurine levels. CDO catalyzes the first step in the pathway leading to the synthesis of hypotaurine and taurine. Cysteine sulfinic acid produced by CDO is decarboxylated to hypotaurine by cysteine sulfinic acid decarboxylase. Hypotaurine is then oxidized to taurine by an ill-defined mechanism. Although hepatic levels of hypotaurine and taurine are well correlated with the expression of CDO in vivo, the exact contribution of CDO to total pathway flux is not entirely clear. We were therefore interested in testing whether CDO expression in the HepG2/C3A cells would increase steady-state intracellular hypotaurine/taurine levels. Surprisingly, transfection with WT CDO produced no significant change in intracellular levels of either hypotaurine or taurine (Fig. 6A) . Further investigation revealed that the inability of CDO expression to alter these two amino acids was most likely because of the lack of expression of cysteine sulfinic acid decarboxylase in HepG2/C3A cells (Fig. 6B) .
DISCUSSION
Before this study, evidence for the ability of CDO to change intracellular cysteine levels was indirectly derived from the positive correlation between hepatic CDO expression and cysteine availability. It was concluded through teleological reasoning that the changes in CDO expression were part of a homeostatic response to maintain constant intracellular cysteine levels in the face of fluctuations in extracellular supply. In this study, we have demonstrated that the expression of catalytically active CDO can directly alter intracellular cysteine levels. It would also appear that, by altering intracellular cysteine levels, CDO is capable of indirectly modulating the total glutathione pool.
The expression of CDO was able to reduce intracellular cysteine levels in HepG2/C3A cells, but the effect was dependent on the amount of extracellular cysteine to which the cultures were exposed. The largest effect of CDO on intracellular cysteine levels was seen when 100 M cysteine was included in the medium. This extracellular concentration of cysteine is comparable to what is found in vivo: plasma total cysteine levels range from 80 to 200 M, with an average of ϳ100 M (30). When extracellular cysteine levels were increased Ͼ0.1 mM, however, the expression of CDO had a markedly reduced effect on intracellular cysteine levels. At these higher, supraphysiological levels of extracellular cysteine, it would appear that the rate of transport and intracellular accumulation of cysteine was much greater than the rate at which CDO was catabolizing cysteine. One factor that may have contributed to this phenomenon is the nonlinear rate at which CDO accumulated in the HepG2/C3A cells in response to changes in extracellular cysteine levels. Changing extracellular cysteine from 0 to 0.1 mM produced a 50% increase in the expression of CDO protein. Further increasing cysteine levels from 0.1 to 1 mM, however, resulted in an additional increase in CDO expression of only 40%. Why the rate of increase in CDO protein expression tapered at the supraphysiological levels of cysteine is not clear. Nevertheless, at physiological concentrations of extracellular cysteine, the capacity of CDO to decrease intracellular cysteine levels is consistent with the enzyme's presumed role in the liver as a means for disposing of excess cysteine. Moreover, we propose that the effect of CDO on intracellular cysteine levels in vivo is even more pronounced than what was seen in the HepG2/C3A cells because the absolute levels of CDO protein expression in vivo are substantially higher. As shown in Fig. 2A , the amount of 3xFLAG-tagged CDO expression that was achievable in the HepG2/C3A cells was ϳ30% of the amount of CDO endogenously expressed in the liver of a rat on a low-protein diet. Hepatic CDO levels in a rat fed a low-protein diet represent the lower end of the potential expression spectrum of this enzyme. Hepatic CDO levels, for instance, increase ϳ30-fold when a rat is switched from a low-protein to a high-protein diet (2) .
Glutathione levels also appeared to change in response to CDO expression. This is perhaps not too surprising given that cysteine is frequently a limiting substrate in the synthesis of glutathione. As seen in the experiments with CdCl 2 , the CDOinduced perturbation of glutathione production could have a significant effect on the redox capacity of the cell. Interestingly, this would suggest that, under certain conditions, another biological role of CDO may be to decrease intracellular glutathione levels. This finding may help to explain the results of several reported microarray studies showing that the expression of CDO significantly increases during the differentiation of many tissue types (1, 6, 7, 16, 18) . During the process of differentiation, the intracellular redox potential becomes progressively more oxidized (19, 25, 29) . An increased expression of CDO during differentiation could facilitate the development of this oxidizing environment by decreasing the amount of cysteine and, in turn, limiting the amount of substrate available for glutathione synthesis.
Although WT CDO protein was stabilized by cysteine, consistent with what has been reported previously (9, 31) , expression of the H86A CDO mutant protein did not appear to be affected by changes in cysteine. In striking contrast to WT CDO, H86A CDO showed a high level of expression, even when cells were depleted of intracellular cysteine. This result was not anticipated but served as a useful control to illustrate that ectopic expression of a protein by itself did not change intracellular cysteine levels. Why this mutant failed to be appropriately regulated is not known. It is possible that mutation of the iron-binding histidines changes the tertiary structure of CDO in such a way that it is no longer recognized by an ubiquitin ligase, resulting in the disruption of cysteine-sensitive ubiquitination and degradation. Additional experiments are needed to resolve this issue.
Within a comparative physiology framework, this study has also revealed that there are significant differences in how cysteine is metabolized between HepG2/C3A cultures and hepatocytes in vivo. When incubated with physiological levels of cysteine, HepG2/C3A cells showed intracellular cysteine levels that were almost an order of magnitude higher than what is typically found in the liver in vivo [2.4 nmol/mg protein in control HepG2/C3A cells vs. 0.2-0.8 nmol/mg protein in liver (9, 22) ]. The underlying reason for the enormous discrepancy in steady-state levels of cysteine is not known. It is unlikely that the higher levels of cysteine are the result of enhanced transsulfuration flux since HepG2 cells lack the high-K m form of methionine adenosyltransferase (34) and show a limited ability to convert methionine to cysteine (21) . One possible explanation, however, is that cysteine levels are elevated in the HepG2/C3A cells as part of a protective adaptation against the much higher oxygen tensions associated with cell culture systems. Consistent with this is the observation that cultured cells show an upregulation of cystine transport that increases with the length of culturing (32) . Another explanation is that the accumulation of cysteine in the transformed cell line is a direct consequence of not expressing CDO protein. Interestingly, the lack of CDO expression is not simply limited to the HepG2/C3A cell line. We have conducted Western blots on several different hepatocyte cell lines (HepG2, AML12, and McARH7777) and have failed to find any detectable CDO protein (L. L. Hirschberger, J. E. Dominy, and M. H. Stipanuk, unpublished observations). Why these transformed cells have lost the ability to express CDO protein is an interesting biological question that deserves further exploration.
Another metabolic difference between HepG2/C3A cells and normal hepatocytes uncovered in this study is the ability to synthesize taurine from cysteine. In fact, the transformed cells have taurine levels that are on the lower end of what is normally seen in the liver [2.8 nmol/mg protein in HepG2/C3A cells vs. an average of 12.8 nmol/mg protein in hepatocytes in vivo] (9, 22) . The inability to synthesize taurine from cysteine in the HepG2/C3A cells appears to be the result of not only the absence of CDO protein but also the absence of cysteine sulfinic acid decarboxylase expression.
In conclusion, our study provides the first definitive evidence that the expression of CDO can significantly decrease the level of intracellular cysteine. This reduction is also associated with a decrease in total glutathione levels, presumably through a simple substrate limitation mechanism. These observations expand the role of CDO beyond the production of sulfate and taurine to include one of intracellular redox regulation.
